Abstract. As part of a recent project to determine coastal impacts of climate change and sea-level rise on Prince Edward Island (PEI), airborne scanning laser altimetry (lidar) was employed to acquire high-resolution digital elevation models (DEMs) and other landscape information. The study area included both the Charlottetown urban area and an extensive portion of the rural North Shore of PEI. Problems with the lidar data included data gaps and incorrect classification of "ground" and "non-ground" laser hits along the waterfront. Accurate representation of wharves and other waterfront features in the DEM was achieved by combining "ground" and "non-ground" data. The importance of calibration and validation in lidar data acquisition and interpretation was demonstrated by three independent validation exercises that uncovered and adjusted for a vertical offset attributed to calibration problems. The ground DEM was adjusted to hydrographic chart datum and used to model flood extent at three storm-surge water levels, one observed in the record storm of 21 January 2000 and two higher levels representing flood scenarios under rising sea level. Flood modelling was executed in a geographic information system (GIS) on the gridded ground DEM. The resulting binary grids were vectorized along the flooding limit. Low-lying areas isolated from free exchange with the harbour were excluded from the flood area. Vectors depicting the storm-surge water lines for the three flood scenarios were implemented on the geographic information system (GIS) in the city planning department and overlain on property boundary and assessment layers. This study demonstrated that validated DEMs derived from airborne lidar data are efficient and adequate tools for mapping flood risk hazard zones in coastal communities. 
Introduction Background
Storm-surge flood risk mapping was one major objective of a recent Climate Change Action Fund (CCAF) project to evaluate coastal impacts of climate change and sea-level rise on Prince Edward Island (McCulloch et al., 2002) . Two airborne imaging systems were employed in this project, and the resulting datasets provided an essential foundation for flood risk mapping in the urban centre of Charlottetown and a representative rural area in the vicinity of North Rustico (Webster et al., 2002) . It was recognized at the outset that a high-resolution representation of the coastal topography would be essential for predicting areas at risk of storm-surge flooding (Webster et al., 2001) . A multidisciplinary scientific team was involved in this project and contributed related analyses of sealevel change, storm-surge climatology, wave and sea-ice climatology, statistics of flood probability, coastal erosion, socioeconomic impacts, and adaptation options (Chagnon, 2002; Milloy and MacDonald, 2002; Thompson et al., 2002) . The imagery collected for this project has wider applicability, beyond climate-change impacts assessment, to geological and ecological research, urban and regional planning, coastal management, agriculture, forestry, and other fields.
Rationale and objectives
The original project design highlighted emerging technologies in airborne imaging and data management that offer significant advances in high-resolution digital elevation modelling and land surface characterization. This technology was employed to enable realistic assessment of potential impacts from climate change and sea-level rise in the coastal zone of Prince Edward Island (PEI). Airborne scanning laser altimetry (lidar) was used to obtain detailed topographic data, primarily for flood risk mapping in Charlottetown and along the North Shore of PEI. Additional airborne imaging using the compact airborne spectrographic imager (CASI) was carried out over parts of Charlottetown and a narrow region including shallow nearshore waters along the North Shore (Webster et al., 2002) .
The objectives of this paper are to document critical issues in lidar data acquisition and processing, including the need for ground validation, and to demonstrate the utility of highresolution digital elevation models (DEMs) derived from lidar data for flood risk mapping.
Imaging and survey systems Laser altimetry (lidar)
Light detection and ranging (lidar) technology has been employed for a number of years in atmospheric studies (e.g., Post et al., 1996; Mayor and Eloranta, 2001 ) and as an airborne technique for shallow bathymetric charting (e.g., Guenther et al., 2000) , although cost was initially an impediment to widespread acceptance for the latter purpose. The technology can also be used to image the land and water surface (Hwang et al., 2000) , as was done in the present study. Applications have been demonstrated in forestry (Maclean and Krabill, 1986) , sea-ice studies (Wadhams et al., 1992) , and glacier mass balance investigations (Krabill et al., 1995; 2000; Abdalati and Krabill, 1999) . A general overview of airborne laser scanning technology and principles is provided by Wehr and Lohr (1999) .
Applications to coastal process studies in the United States have been reported by Sallenger et al. (1999) , Krabill et al. (1999) , and Stockdon et al. (2002) , among others. Preliminary trials in Atlantic Canada were reported by O'Reilly (2000) , and subsequent experience was described by Webster et al. (2002) . Most of the coast of the conterminous United States has now been mapped using this technology (Brock et al., 2002) .
As illustrated in Figure 1 , lidar mapping involves an aircraft emitting laser pulses towards the ground and measuring the return time of the pulse. The laser scan is acquired by rapid repetition of the laser pulse transmitter and cross-track deflection of the beam using an oscillating mirror to produce a zigzag pattern of laser hits on exposed surfaces below the aircraft. Utilizing precise differential global positioning system (GPS) technology to determine the location of the aircraft (Krabill and Martin, 1987) and an inertial measurement unit (IMU) to measure the aircraft attitude (pitch, yaw, and roll), the location of individual laser returns can be determined. The nominal accuracy of the system used in this study is ±30 cm in the horizontal plane and ±30 cm in the vertical plane. An important step in ensuring accurate representation of the topography involves comparing the processed lidar data with ground validation points positioned to a higher accuracy than the lidar (U.S. Federal Geographic Data Committee, 1998).
Geodetic issues
The lidar system produces a series of point measurements with associated heights above the ellipsoid. GPS navigation uses the WGS84 ellipsoid, a smooth mathematical surface representing the earth, as the reference datum. Elevations on Figure 1 . Lidar schematic, showing scanning laser unit, zigzag scan pattern on the ground, and aircraft positioning and attitude measurement systems. Carrier-phase DGPS for aircraft position and an inertial measurement unit (IMU) for recording pitch, yaw, and roll of the aircraft. most land-based topographic maps are measured relative to a geodetic vertical datum. For Canada this is known as the Canadian Geodetic Vertical Datum of 1928 (CGVD28). To relate the height measurements to sea level, an adjustment must be made for the local vertical separation between the ellipsoid and the geoid. The difference between the WGS84 ellipsoid and the CGVD28 geoid is obtained by using the HT1_01E model, since replaced by HTv2.0, with an accuracy of ±5 cm with 95% confidence in southern Canada (Geodetic Survey Division, Natural Resources Canada, www.geod.nrcan.ca/ index_e/products_e/software_e/gpsht_e.html).
To map flood limits in this project, it was also necessary to relate the lidar elevation data to hydrographic chart datum, the vertical datum used in tide-gauge records from which stormsurge flood levels are obtained. This datum is approximately equivalent to the lowest astronomical tide and varies from place to place around the coast. Determining the relation between chart datum, the ellipsoid, and CGVD28 was undertaken as a separate component of the study (King et al., 2002) .
Lidar data acquisition and processing

Coverage and logistics
Lidar data acquisition over PEI was undertaken as part of a wider geomatics and remote sensing research initiative focused on the coastal zone in the Maritime Provinces during the summer of 2000. On the island, lidar data were acquired for waterfront areas of the City of Charlottetown and a coastal strip along the North Shore from Rustico to Greenwich (Figure 2) . A Bell 206B helicopter was used with local GPS control in PEI to complete the survey on 1-2 August 2000. Down-looking video was acquired simultaneously to assist in interpreting the lidar returns.
Instrumentation and calibration
The survey specifications called for a laser hit with a minimum spacing every 3 m on the ground (in most cases the data density was considerably higher) and horizontal and vertical accuracy within 0.3 m. Data were collected under suitable conditions for video acquisition (during daylight hours with good visibility). The instrument was a diode-pumped I/R YAG laser pulsed at repetitions up to 10 kHz, scanning normal to the aircraft flight path to a maximum scan angle of 57°. Laser range distances were determined to a resolution of 0.05 m, and individual shots were positioned with a mirror and attitude data from the IMU. The aircraft was positioned using phase kinematic GPS, referenced to a geodetic ground monument north of the Charlottetown Airport.
A crucial step in the lidar survey involved daily calibration passes over the GPS base station. Although calibration parameters were adequately defined from this information, the introduction of elevated anthropogenic features would have allowed further refinement of the calibration. Objects with long, straight, elevated edges such as bridges and buildings are particularly favoured because they provide a check for both horizontal and vertical alignment. This process has a direct impact on the overall accuracy of the survey, and a more rigorous calibration protocol has since been adopted.
Another aspect of lidar calibration is the determination of any errors in the raw laser ranges. For a proper determination, multiple passes at varying altitudes are required over known points. In this project a single range calibration was carried out at the proposed flying altitude. Unforeseen power reduction of the laser system forced a reduction of flying altitude, which resulted in a vertical offset of approximately 0.9 m. The calibration passes were made at an altitude of approximately 900 m, 300 m higher than the actual survey altitude. Thus the elevations matched at the calibration sites but contained a range bias over the survey area. Comprehensive tests following the survey showed the need for laser range bias and range scale factor corrections. The value of the elevation offset was determined from ground validation surveys, as discussed later in the paper, and several lines of the lidar data in the survey area have since been reprocessed to confirm these parameters.
Reliable point classification and feature extraction (described in the following section) depend on an adequate quality and quantity of points in the dataset. Valid ground elevations cannot be determined if most or all laser returns are from the tree canopy or if there are significant gaps in the data. Limitations of the instrumentation used in this study resulted in a scarcity of ground returns from beneath tree canopies and from low-reflective targets in the near infrared, such as asphalt surfaces on roads and roofs (Figure 3) . We have since found that the introduction of a collimator attached to the end of the laser head decreases the divergence of the laser beam to better than 0.3 mrad. This enables improved capture of weaker reflective signals from asphalt and better penetration through trees.
Gaps in the lidar coverage may result from power loss, vibration-induced data loss, or navigation errors resulting from gaps between flight lines. Field quality control is critical to identify and correct such gaps. In the present study some individual laser scans or groups of scans were lost because of aircraft vibration, and the laser data storage device has since been reconfigured and repackaged to solve this problem.
Data classification and management
An important step in any successful lidar survey is the accurate extraction of features from the lidar point cloud. The ability to perform this task accurately and reliably has a direct bearing on the overall accuracy of the survey. The proprietary software used to process the data presented in this paper is extremely effective for single-line corridor mapping but lacks algorithms for processing multiple lines of lidar, and also lacks visualization tools to facilitate the detection of outliers. As a result, there was some misclassification of "ground" hits data in this study as "non-ground" (misidentification as tree canopy or structures). In particular, there were problems in defining the leading edges of wharves along the waterfront, which were resolved by manual inspection and reclassification of data in the "non-ground" file. Similarly, some data in the "ground" hits file were returns from water and had to be edited out using a threshold filter. The lack of returns from asphalt discussed previously caused some difficulty in data validation from road surfaces. Nevertheless, once these issues had been recognized, it was possible to generate a valid and detailed ground DEM. As a result of this study, new software has been acquired and implemented to improve the classification and provide more processing options.
The lidar data were compiled on CD-ROM in 1 km × 1 km tiles (e.g., Figure 4) , each having three associated files. One file contained all the laser hits prior to noise removal. The other two files contained cleaned data, separated into a "bald earth" file (points identified as "ground" hits) and a "non-ground" file (points identified as vegetation or buildings, but in fact including also cliff top, dune crest, wharf edge, and other features as described previously).
The horizontal position for each point was given in Universal Transverse Mercator (UTM) Zone 20 coordinates, based on the WGS84 ellipsoid. The ASCII data files contained five fields: (i) UTM easting (m), (ii) UTM northing (m), (iii) height above the WGS84 ellipsoid (m), (iv) orthometric height above CGVD28 (m), and (v) GPS time (s) from midnight at the start of each day. The data were imported into a GIS for further analysis and processing.
Data validation
Lidar elevation data were compared with several sets of ground-control data to determine their accuracy and precision (Figure 3) . Plots of raw ground hits in Charlottetown (e.g., Figure 4 ) show dense coverage on land, but with evident gaps outlining streets and some building roofs, illustrating the surprising lack of returns from asphalt. The raw point plot (Figure 4 ) also clearly shows a pattern of laser returns from the water surface, with varying density of points from line to line. Table 1 shows summary statistics for comparison between water level measured at the tide gauge in Charlottetown Harbour at the time of data acquisition and observed ellipsoidal and geoidal laser ground-hit elevations on the water surface. The lidar data are taken from samples (ranging in size from 1013 to 3634 points) in seven discrete areas off the Charlottetown waterfront in two arms of the harbour, from Lewis Point in the northwest to Parkdale in the east (Figure 3) . The differences between water levels at the tide gauge and observed mean lidar elevation on the water surface range from -0.64 to -1.04 m. The standard deviations range from 0.14 to 0.31 m and are therefore close to the specified vertical accuracy of the lidar system. The wind speed was low, and wave roughness on the water surface can therefore be neglected. The range in vertical offsets is thought to be partly attributable to variation in water levels associated with tidal dynamics in the harbour. The mean offset from the eight sample sets was -0.85 m.
A similar comparison was made between the Canadian Hydrographic Service (CHS) benchmark CHTN 1-1963 on the Coast Guard wharf at the foot of Queen Street and lidar hits within a radius of 3 m. The ellipsoidal and geoidal (CGVD28) elevations of the benchmark were determined as part of the vertical datum control survey reported in King et al. (2002) . The vertical coordinates of this control point are +4.34 m chart datum (-14.90 m ellipsoidal, +2.65 m CGVD28). Initial comparison with "ground" points in the lidar dataset gave an offset of -2.2 m and created some concern. However, we soon realized that the classification algorithm had identified the wharf top as "non-ground" owing to the abrupt rise from the adjacent water surface and had classified water-surface points erroneously as "ground" points. Subsequent validation of points on the wharf deck in the vicinity of the benchmark gave an offset of -0.92 m. Both of the foregoing validation exercises indicate an equivalent offset within the resolution of the lidar system. In other words, the initially determined lidar elevations were 0.9 m lower (to the nearest decimetre) than their true values. Based on these results, an adjustment of +0.9 m was applied to all data points prior to incorporation in the DEM. This produced realistic flooding levels for a simulation of the 21 January 2000 storm surge, as confirmed from eyewitness reports, whereas the original DEM without adjustment had suggested much more extensive flooding.
Planimetric base-map data were provided by the City of Charlottetown in double stereographic (ATS77) projection in ARC/INFO format. To integrate the map and lidar data, the planimetric vectors were converted from double stereographic to UTM projection. Horizontal offsets between the lidar "allhits" surface and the vector information ranged from approximately 0 to 3 m. The variation in the horizontal offset is probably a result of the lidar data being gridded at a 2 m resolution, the variable density of the points for low reflective targets, the scale of the planimetric vector layers, and the map projection transformations.
To confirm that the vertical adjustment of +0.9 m to the lidar elevations was appropriate, a follow-up high-precision GPS campaign was carried out in Charlottetown during the summer of 2001. Fifteen control points were occupied throughout the lidar coverage area and processed using carrier-phase information, providing accuracy on the order of centimetres. Grass-covered flat fields in city parks were selected for the GPS campaign. This was done to ensure a significant number of lidar returns in these areas to provide a ground surface at sufficient detail, in view of the poor lidar reflection off asphalt surfaces.
The GPS elevations were converted from ellipsoidal heights to orthometric heights using the HT1_01E model. The GPS orthometric heights could then be compared with the lidarderived DEM ground surface orthometric heights (after the vertical offset adjustment described previously). The GPS points were overlaid on the DEM surface in a GIS (Figure 5) , and the orthometric height differences between the GPS and lidar surface were calculated ( Table 2 ). The mean difference was 0.04 m, confirming that the adjustment of +0.9 m was appropriate ( Figure 5) . The lidar ground DEM and GPS measurements were highly correlated, with a coefficient of determination r 2 = 0.99 (Figure 6 ). The larger differences at individual points are attributed to surface variability within DEM grid cells.
Digital elevation model and flood risk maps for Charlottetown Surface construction
The multiple ground-hits lidar point files (40 tiles each covering 1 km 2 ) were used to construct a topographic surface representation using the adjusted orthometric height values. A triangular irregular network (TIN) was constructed from the points. The point distribution was dense and reasonably homogeneous, except over asphalt surfaces (Figure 4) . Nevertheless, the point density was sufficient to construct appropriate triangles (near equilateral) for the topographic model. The TIN was then used to construct a gridded surface with a cell size of 2 m using quintic interpolation (fifth-order polynomial). This method ensures that the grid surface passes through all the points and the resultant surface is smooth and continuous. Another digital surface model (DSM), representing all hits on the ground, buildings, and vegetation, was generated for Charlottetown and a separate one for the North Shore study area by gridding the lidar data in the public-domain imageprocessing system GRASS Webster et al., 2002 ).
Surface refinement
The lidar survey covered the Charlottetown waterfront, including parts of the north bank of the Hillsborough (East) River above the bridge and both banks of the Yorke (North) River to a short distance above the highway bridge (Figure 3) . As a result, the TIN was constructed across water bodies and a blank zone within the "V" of the survey area, producing an interpolated surface that was unreliable in areas of sparse and missing data. The TIN was gridded and the resultant grid was clipped to the shoreline and data extents, removing the erroneous surface values over water and in areas outside the survey limits.
A colour shaded-relief image was produced from the clipped ground grid. Visual examination of this image in combination with the "ground" lidar point data revealed that many of the laser returns along the waterfront, specifically on wharves, docks, and seawalls, were missing. As noted earlier, because the automated cleaning routines examined the height values for areas of rapid change in elevation, points identified as having anomalously high elevations were categorized as "non-ground" points representing buildings or vegetation. In the Charlottetown study area, most of the laser hits along the edge of the waterfront were thus removed from the ground dataset. The resulting ground surface showed the wharves as having sloping sides, whereas in reality they have steep vertical faces. Because the gridded surface was intended for use in modelling flood extent, it was critical to obtain an accurate representation of waterfront features. To solve this problem, the combined files of "ground" and "non-ground" points were examined and data from the latter representing hits on waterfront structures were extracted and used to construct a new TIN and gridded surface. This new waterfront grid was merged with the existing ground grid, producing a more realistic surface representation.
In addition to the ground DEM for use in flood simulation, a DSM was constructed from a combination of all the lidar returns to represent the ground, trees, and buildings. This DSM was used for visualizing the flood extents determined from the ground DEM.
Flood simulation modelling Flood levels
Water levels resulting from storm-surge events are defined with respect to height above local hydrographic chart datum (CD). Three water levels were selected (McCulloch et al., 2002) The first flood level was observed during the 21 January 2000 storm-surge event in which significant coastal flooding covered parts of the Charlottetown waterfront and downtown core . The third level corresponds to an equivalent event after 100 years of anticipated relative sealevel rise to a level 0.7 m above present mean water level . The second level represents an intermediate event with a higher probability. These flood levels were converted to heights above geodetic datum because the lidar surface was created using orthometric heights (CGVD28). In Charlottetown, chart datum is 1.685 m below CGVD28 (G. 
Flooding the DEM
The flood modelling was done on the lidar ground surface DEM. The flood limit for each water level was captured as a vector boundary. These vectors were used to select only polygons that were contiguous with and open to flooding from the harbour (Figures 7 and 8) . In some cases, culverts allow water to flow past barriers, such as causeways, which otherwise protect low-lying land behind. To determine if these areas could be flooded, we consulted engineers with the City of Charlottetown. Most of the culverts have one-way valves, allowing water to flow into the harbour but not back. Therefore, areas upstream of these culverts were not included in the flood extents.
The three flood vector extents were projected from UTM to the PEI double stereographic (ATS77) projection and delivered to the City of Charlottetown, where the information is being used for planning and development of adaptation strategies, in collaboration with the Federation of Canadian Municipalities. The flood extents were also used for analysis of socioeconomic impacts (Milloy and MacDonald, 2002) .
Flood visualization
In addition to the extent of inundation for each flood level, another issue is the depth of water at various locations within the flooded area. To determine this, the flood extent raster layer was assigned the water level orthometric height and the ground DEM was subtracted from this layer to develop a representation of flood water depth. This information is important for assessing the potential damage associated with a given water level.
In addition to the three water levels defined previously, several other flood levels were also modelled for visualization purposes. A procedure was written to automate the flood modelling process, raising the water in increments of 10 cm over the all-hits lidar DSM. This enabled us to produce animations of the rising storm-surge flooding. Each flood increment layer was processed to ensure that the flooding extent was connected to the harbour. Because the DSM was used in this exercise and not the bald-earth DEM, the area of inundation for a given flood level was limited by some obstructions. The flood-limit layers were merged with the DSM for the visualization process. A series of plan-view layers were used to construct an animation of the flooding sequence. In addition, a set of perspective views was also generated and used to produce another animation. Examples of the perspective scenes are shown in Figure 9 , where Figure 9a shows water level at geodetic datum (approximate mean sea level), and Figure 9b shows a flood level of 4.9 m CD (the third flood level defined previously). The extent of the flooding is somewhat less than that shown in Figures 7 and 8 because the DSM was used instead of the bald-earth DEM.
Summary and discussion
This study demonstrates the high level of topographic detail obtainable using airborne scanning laser altimetry and its potential utility for coastal hazard mapping. As noted by Webster et al. (2002) , Brock et al. (2002), and Stockdon et al. (2002) , this technology now has the potential to become a fundamental tool in coastal studies, comparable to established techniques such as aerial photogrammetry and ground surveys.
Lidar data were used in this study to produce detailed, highresolution, ground DEMs for flood simulation modelling, both in Charlottetown (this paper) and in a representative area on the central North Shore of PEI (Figure 2) Webster et al., 2002) . Calibration and careful validation of the lidar results in relation to orthometric elevations tied to the hydrographic chart datum enabled simulated flooding of the DEM at the observed water level of 21 January 2000 and two higher levels related to storm-surge flooding on top of higher sea levels anticipated over the coming century. The flood limits obtained for the 21 January 2000 event in the digital model were compared with direct observations by Charlottetown residents and city staff at the time of the storm to validate the flood simulation.
Problems observed in the lidar data included data gaps attributed to onboard data loss and lack of laser returns from asphalt paving and roofs. Issues related to data gaps were discussed previously. The lack of returns from asphalt (most clearly demonstrated by the distinct delineation of road vehicles on the Hillsborough Bridge and approaches in Figure 4 ) reflected gain and collimation problems in the equipment used for this study. These problems have since been rectified. In the present study, the lack of returns from asphalt roof surfaces frustrated the identification and mapping of some major buildings (notably the Delta Prince Edward Hotel near the waterfront) but otherwise did not seriously jeopardize the flood mapping exercise.
Another problem uncovered in the initial validation work was incorrect classification of "ground" and "non-ground" laser returns. As described previously, this occurred along the Charlottetown waterfront at the edges of wharves and on foredune ridges and cliffs along the North Shore. "Nonground" hits were identified based on anomalously high elevations relative to nearby data, such that any hits on top of abrupt elevation changes such as wharf edges, cliff tops, or cliffed dune crests were misclassified as "non-ground". Thus, the initial DEM constructed for Charlottetown from the "ground" hits file did not correctly resolve the details of waterfront wharf structures. As described previously, careful inspection of the "non-ground" points enabled the construction of a refined waterfront grid that could be merged with the original.
The ability to perform accurate and reliable differentiation of ground returns from buildings or vegetation and from atmospheric aerosols has a direct bearing on the overall accuracy of the survey. As a result of this study, new software has been implemented to handle these tasks. The proprietary software used in this study was extremely effective for singleline corridor mapping but lacked the algorithms for processing multiple lines of lidar data. It also lacked visualization tools as required for adequate detection of outliers. In the revised processing methodology, lidar data are processed in relation to neighboring hits rather than in the sequence of capture. Several new visualization techniques have been implemented, including video and digital mosaics, to review the processed data and detect anomalies.
As discussed previously, the lidar data had to be adjusted by adding 0.9 m to the orthometric elevation values, reflecting a consistent low bias in the laser returns. This resulted primarily from an unexpected requirement to fly the survey at a lower elevation than planned, leading to slight miscalibration of the laser range data in the onboard system. Three independent validation exercises were undertaken in Charlottetown, using ground-and water-surface elevations to determine the offset and confirm the validity of the linear adjustment. Further validation of lidar data along the North Shore (Figure 2) confirmed the validity of the offset value there as well (Webster et al., 2002) .
Two digital topographic models were developed: one, the DSM, was based on all "ground" and "non-ground" points; the other, the so-called bald-earth DEM, was based on "ground" points only, except where merged with the waterfront refined grid described previously. A shaded-relief image of the DSM provides a view of Charlottetown with trees and buildings (e.g., Figures 7-9) , whereas the bald-earth DEM (e.g., Figure 5 ) is required to simulate flooding and is the model used in the validation exercises.
The bald-earth DEM was used to model three storm-surge water levels (McCulloch et al., 2002) . The flood modelling was carried out on the gridded DEM with 2 m resolution. Depending on whether grid cells were flooded or not, an output binary grid was created to enable the definition of flood limits by vectorizing the wet-dry boundary. The resulting vectors were used to mark the limits of flooding on the municipal GIS and to ensure that only areas with a free connection to the harbour were included in the flood zone for any given water level. Detailed discussion with city engineers provided details on culverts and stop valves to enable reliable identification of protected low-lying areas.
Overlay of the flood-limit vectors on the Charlottetown GIS provided an opportunity to assess the flood limits in relation to key infrastructure assets, individual properties and businesses, and heritage structures. This provided the basis for a socioeconomic analysis of impacts (Milloy and MacDonald, 2002) and provided a planning tool for city staff (D. Poole, Planning and Development Officer, City of Charlottetown, personal communication, 2001; O'Reilly et al., 2003) . It also provided graphic illustration of the potential for waterfront flooding in Charlottetown from combinations of increased storm intensity and accelerated relative sea-level rise predicted under climate warming (e.g., Figure 9 ). This resulted in immediate adaptation of some building permit procedures and a longer term adaptation strategy in the city (cf. .
Conclusions
Specific conclusions from this study include the following:
(1) Airborne topographic mapping using scanning laser altimetry can provide high-resolution digital elevation models (DEMs) suitable for flood risk hazard mapping.
(2) High standards in aircraft attitude and position detection and monitoring are required for accurate determination of laser target position and elevation.
(3) Careful calibration of the laser system at the time of data collection is necessary for unbiased topographic mapping and to ensure complete coverage of all surface types.
(4) Detailed ground validation of the resulting DEM is essential to ensure that the lidar data meet adequate specifications in vertical and horizontal accuracy and precision to enable reliable mapping.
(5) Further development and testing of feature-detection algorithms is required to ensure appropriate discrimination of ground surface laser hits, particularly in the vicinity of abrupt elevation changes, such as along the fronts of wharves and seawalls and on cliffs and coastal dunes.
(6) Adjustment of lidar-derived elevation data to the hydrographic chart datum (to which tidal elevations and storm-surge water levels are referred) enables simulation of flood limits for historical and potential future flood levels.
(7) Determination of the flood limits for past and future water levels in relation to the city property and assessment data in a geographic information system (GIS) was used to assess the socioeconomic impacts of flooding with and without climate change.
(8) Mapping of flood limits through the use of lidar-derived DEMs provides an efficient method for defining flood risk hazard zones as a basis for precautionary planning, climate-change adaptation, and emergency-measures response.
In summary, this project has demonstrated the effectiveness and varied utility of airborne scanning laser altimetry for the analysis of climate-change and storm-surge impacts in coastal regions. Although data acquisition, processing, and archiving issues require ongoing development and refinement, it is our conviction that topographic lidar will become part of the standard geomatics arsenal in future coastal studies.
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